Purpose: To investigate the association between the maximum cystometric capacity (MCC) and other cystometric parameters in lumbar canal stenosis (LCS) rats. Material and Methods: One small hole was drilled at the fifth lumbar vertebral arch (Sham), and a rectangular piece of silicone rubber was then placed in the epidural space (LCS) of Wister rats. Two weeks after surgery, awake cystometry was performed. LCS rats were divided into three groups: Group A (n = 5, MCC < 0.87 mL), Group B (n = 13, MCC 0.87 -1.81 mL), and Group C (n = 14, MCC > 1.81 mL). Cystometric parameters were investigated in sham and LCS groups. 
Introduction
A recent clinical study demonstrated that underactive bladder (UAB) could be preceded by overactive bladder (OAB) which is regarded as a compensatory mechanism for decreased shortening velocity [1] . Early detrusor underactivity (DU) is frequently accompanied by detrusor overactivity (DO, 68%), while advanced DU is not (18%). In a basic experiment, Nomiya et al. investigated bladder function in an atherosclerosis rat model that was induced by endothelial injury of the internal iliac artery with a high cholesterol diet [2] . These rats manifested an OAB phenotype in a metabolic cage study and on awake cystometry. However, in vivo muscle strip studies showed impaired detrusor contractility. Based on these studies, some researchers proposed the existence of an "OAB to UAB transition" [3] - [6] .
Recently, we reported a rat model of lumbar canal stenosis (LCS) as a UAB model [7] [8]. This model was created by insertion of a small piece of silicone rubber into the L5 to L6 epidural space to compress the cauda equina, and it reveals features of infrasacral neuropathic bladder (NB), namely, impairment of voiding efficiency and a decrease in detrusor contractility. Unexpectedly, maximum cystometric capacity (MCC, mL) in some LCS rats became smaller than that in sham rats, which is why MCC in LCS rats (1.58 ± 0.68 mL, mean ± SEM) was not significantly different from that in sham rats (1.34 ± 0.23 mL) [7] . In clinical settings, it was reported that DO was noted in 29% of LCS patients [9] . This phenomenon seemed to be caused by irritation of the sacral roots, ischemic disturbances of the conus medullaris, or decentralization of the parasympathetic ganglia situated within the bladder wall [9] [10] . In this study we investigated whether MCC was increased in LCS rats. Our hypotheses were: 1) voiding parameters in LCS rats with normal or decreased MCC would be better; 2) the frequency of non-voiding contractions (NVCs, /min) would be increased in LCS rats with decreasing MCC.
Materials and Methods
All experiments were approved by the Animal Experimental Committee of Ono Pharmaceutical Co., Ltd. This study further explored awake cystometric findings from a previous study [7] . The procedures of model preparation and the awake cystometric study are briefly described as below.
Model preparation: Female Wistar rats (180 -190 g, CLEA, Inc., n = 32) were anesthetized with pentobarbital (40 mg/kg, i.p.: Schering-Plough Animal Health), and the fifth and sixth lumbar vertebral arches were exposed. One small hole (1.5 mm in diameter) was drilled at the fifth vertebral arch. A rectangular piece (3.5 × 5.0 × 0.5 mm) of silicone rubber (Yamanaka Chemical Ind., Ltd.) was then inserted into the L5 -L6 epidural space. LCS rats underwent bladder expression at least twice a day. An identical surgical procedure was performed on control sham-operated animals (n = 10) except that the silicone rubber was not placed in the epidural space. An aliquot of urine was collected before each experiment and examined microscopically for leukocytes in order to rule out significant urinary tract infection (UTI). As shown in the previous study [7] , UTI was not identified on urinalysis at CMG, and histological studies of the bladder specimens showed no obvious qualitative difference between sham and LCS rats. Also, there was no significant renal impairment on blood chemistry at the time of CMG. The cystometric study was performed 14 days after surgery in the present study.
Awake cystometry (CMG): Cystometric investigations were performed without any anesthesia in a restraining cage (W 80 mm × L 300 mm × H 150 mm, Yamanaka Chemical Ind., Ltd.) 3 d after suprapubic bladder catheter implantation in 10 sham-operated rats and 32 LCS rats. Micturition volumes were measured by a fluid collector connected to a force displacement transducer (NSI-022, BrainScience Idea Co., Ltd.) placed under the urethral orifice. The bladder catheter was connected via a T-tube to a pressure transducer (DX-100, Nihon Kohden Corp.) and a microinjection pump (Terufusion Syringe Pump TE-311, Terumo Corp.). Room temperature saline was infused into the bladder at a rate of 2 mL/h. All rats were given 60 min to acclimate to test conditions before starting CMGs. Residual urine volume was measured after each micturition reflex by evacuating the bladder through the cystometric catheter. Cystometric parameters were acquired three times for each rat, and data from the second and third measurements were analyzed. The cystometric parameters investigated were MCC; frequency of NVCs per min, which is characterized by fluctuations in intravesical pressure larger than 3.04 mmHg without voiding [11] ; voided volume (VV, mL); postvoid residual urine volume (PVR, mL); and maximum bladder pressure during micturition (Pmax, mmHg). The residual urine rate (RUR, %) was calculated by the equation (PVR ÷ (VV + PVR)) × 100. Cystometric data are presented as the mean ± SEM.
The correlation of MCC or the frequency of NVCs with other cystometric parameters was assessed with Spearman's correlation coefficient (ρ). We considered |ρ| ≥ 0.7 as being strongly correlated, 0.7 > |ρ| ≥ 0.5 as being correlated, 0.5 > |ρ| ≥ 0.3 as being weakly correlated, and 0.3 > |ρ| as being uncorrelated. Then, the LCS rats were divided into three groups: Group A (n = 5, MCC < 0.87 mL, Figure 1 ), Group B (n = 13, MCC 0.87 -1.81 mL, Figure 1) , and Group C (n = 14, MCC > 1.81 mL, Figure 1 ). These ranges corresponded to less than −2SD, −2SD to +2SD, and more than +2SD of MCC in sham rats, respectively. First, Cystometric parameters including NVCs, VV, PVR, RUR, and Pmax, were investigated in sham and LCS groups using an analysis of variance (ANOVA) test. When the results from ANOVA revealed a statistical significance, then, Tukey-Kramer's HSD test was performed as a post-hoc test. Finally, we examined whether a Jonckheere-Terpstra trend test revealed a significant trend toward higher NVCs in the order of sham, Groups C, B, and A. Analysis was performed by JMP 9.0.2 (SAS Institute Inc.). For all statistical tests, p < 0.05 was considered significant.
Results

MCC vs. VV, PVR, RUR, and Pmax
MCC was not significantly correlated to VV, or Pmax, but was significantly positively correlated to PVR and RUR (Spearman's correlation coefficients (ρ) = 0.8973 (p < 0.0001) and 0.4915 (p = 0.0068), respectively, Table 1, Figure 2) . In sham and each LCS group ANOVA revealed statistical differences (p < 0.0001) in VV, PVR, RUR, and Pmax. Compared with the sham rats, LCS rats in each group revealed significantly smaller VV, larger RUR, and lower Pmax. On the other hand, among LCS rats VV, RUR, and Omax were not significantly different (Table 2, Figure 3) . VV in LCS rats ranged from 0.062 ± 0.086 mL to 0.141 ± 0.058 mL. PVR in Group A (0.50 ± 0.14 mL) was significantly smaller than in Group B (1.3 ± 0.087 mL) or C (1.92 ± 0.094 mL), and PVR in Group B was significantly smaller than in Group C (Table 2, Figure 3 ). RUR and Pmax in LCS rats were approximately 90% and 8 mmHg, respectively, regardless of group.
MCC vs. NVCs
The frequency of NVCs in LCS rats (0.08 ± 0.012/min) was numerically higher, but not significantly different from that in sham rats (0.04 ± 0.011/min). MCC was not significantly correlated to the frequency of NVCs (Table 1, Figure 2) . In LCS rats, the frequency of NVCs did not significantly correlate to the CMG parameters ( Table 1) . The frequency of NVCs in each LCS group was not significantly different from that in sham-operated rats (p = 0.175, Table 2 ). However, a Jonckheere-Terpstra trend test revealed a significant trend toward higher NVCs in the order of sham, Groups C, B, and A (p = 0.036, Figure 4 ). 
Discussion
The concept of an "OAB to UAB transition" emerged from several basic and clinical studies [3] - [6] [12] . We recently developed a rat LCS model as a UAB model, and showed that the frequency of NVCs in LCS rats was numerically higher than that in sham rats [7] . We also found that MCC in LCS rats was not always significantly larger than that in sham rats. Therefore, in this study, we investigated whether voiding parameters in LCS rats without increased MCC would be better, and whether the frequency of NVCs would be increased in LCS rats with decreasing MCC. As a result, among LCS rats VV, RUR, and Pmax were not significantly different. On the other hand, PVR in Group A was significantly smaller than in Group B or C, and PVR in Group B was significantly smaller than in Group C. These results imply that the decreased PVR was probably due to the absence of increased MCC. In addition, UAB in LCS rats could be accompanied by increased frequency of NVCs, especially in rats with smaller MCC. UAB has various etiologies, and infrasacral NB due to LCS seems to be one of the most common in aging populations [13] . Thirty to eighty percent of patients with LCS have lower urinary tract symptoms, mainly due to neurogenic UAB [14] [15] . That is why we have used the rat LCS model as a UAB model. We have reported lower urinary tract functions in the rat LCS model [7] . Compared with sham rats, we showed numerically higher frequency of NVCs in LCS rats and noticed that MCC in LCS rats was not always larger [7] . Recent studies noted that an OAB to UAB transition would be an important pathophysiology in the development of UAB [3] - [6] . In fact, results from experimental studies using diabetic or iliac atherosclerosis rat models provided some evidences of an OAB to UAB transition [2] [12]. Chancellor hypothesized that chronic muscular overactivity in OAB may lead to muscle fatigue or progressive ischemia, inflammation and oxidative damage caused by factors of OAB can lead to DU [3] . Because MCC in LCS rats did not always increase [7] , we supposed that the OAB to UAB transition phenomenon would occur in the rat LCS model. If the OAB to UAB transition phenomenon is present in LCS rats and the phenomenon in LCS rats resembles those in diabetic or pelvic ischemic rat models [2] - [6] , "transitional LCS rats" would not show increasing MCC, but would show increasing frequency of NVCs. Moreover, we suppose that voiding parameters would be better in LCS rats without increased MCC, and the frequency of NVCs would be increased with decreasing MCC. However, the present study showed that MCC did not correlate with voiding parameters except PVR and RUR. When LCS rats were divided into three groups based on the MCC ± 2SD of sham rats, the results were the same. Consequently, as shown in Table 2 and Figure 3 , even LCS rats without increased MCC revealed the definitive features of DU.
The present study did not demonstrate the OAB to UAB transition that is seen in diabetic or atherosclerosis rat models [2] [12] . The LCS rat model was developed by cauda equina compression, which was thought to be so severe that all rats had significant DU after the rubber insertion. On the other hand, apart from spinal cord injury models or bilateral pelvic nerve transection models, the rat LCS model shows NVCs probably due to a partial decentralization [10] . In LCS rats, a decrease in local spinal blood flow was recognized [16] . It is conceivable that ischemic disturbances of the conus medullaris or irritation of the sacral roots, which were proposed as underlying mechanisms for development of DO in human LCS [9] , play some role in the development of decreased or unchanged MCC. The resultant hyperactivity of the afferent pathway might prevent MCC from increasing. On the other hand, in the LCS rats, VV, PVR, RUR, and Pmax were consistently worse than in shamoperated rats, suggesting that efferent damage was sufficient to cause reproducible severe DU. Sone et al. reported that RUR in LCS patients was 48.3% and 54.5% in patients with DU and DO on cystometry, respectively [17] . However, PVR in DO patients (131.7 mL) was significantly smaller than that in DU patients (227.0 mL) because MCC in the former (241.7 mL) was significantly smaller than that in the latter (470.4 mL). In cauda equina compression syndrome, 35% of DO patients also complained of urinary retention, while 56% of DU patients complained of that symptom [10] . The same paper showed that MCC in DO patients (194.12 mL) was significantly smaller than that in DU patients (474.66 mL). Podnar et al. reported that in cauda equina compression 70% of men and 85% of women had a normal cystometric pattern and 9% of men and 15% of women with a reduced MCC in the filling phase, but 59% of men and 85% of women revealed an underactive or acontractile detrusor in the voiding phase [18] . Based on these clinical results, cauda equina compression causes significant voiding dysfunction even in DO patients, but does not frequently cause markedly increased MCC (such as more than 600 mL) even in DU patients. Considering the fact that the cystometric findings of the rat LCS seem to be consistent with these clinical findings, more severe efferent dysfunction than the afferent dysfunction would be a cardinal feature in the rat LCS model. PVR in LCS rats was significantly correlated to MCC. Hyperactivity of the afferent pathway would dampen the increase in PVR despite poor voiding efficiency, although the present study does not provide definitive evidence that the OAB-like phenomenon is a compensatory mechanism for UAB. Recently, we reported lower urinary tract function in LCS rats after cholinesterase inhibitor (distigmine) administration [8] . Distigmine decreased PVR, but this decrease was not accompanied by increased Pmax or VV. Rather, decreased MCC was a possible contributing factor, and increased NVCs after administration of distigmine might contribute to decreased MCC. We are continuing further study of the lower urinary tract function of LCS rats after the administration of drugs other than distigmine.
It is reasonable to propose that the small size of the silicone rubber insert would allow the LCS rats to demonstrate the OAB to UAB transition phenomenon. In fact, we determined that this size and insertion method gives the rats the appropriate features of LCS: namely, no significant deficit in motor function under resting conditions, a reliable pattern of motor dysfunction after exercise, and identifiable detrusor contractions on awake CMG [7] [19]. Therefore, use of a different size of silicone rubber insert is not realistic in this model. To this end, however, the development of a model of gradually progressive cauda equina compression or constriction is needed in the future.
Conclusion
LCS rats showed DU to the same degree regardless of MCC. NVCs did not significantly increase in LCS rats with decreased MCC, but there was a significant trend toward higher NVCs with smaller MCC.
